Excited states in 17 C were investigated through the measurement of β-delayed neutrons and γ rays emitted in the β decay of 17 B. In the measurement, three negative-parity states and two inconclusive states, were identified in 17 C above the neutron threshold energy, and seven γ lines were identified in a β-delayed multiple neutron emission of the 17 B β decay. From these transitions, the β-decay scheme of 17 B was determined. In particular, a de-excitation 1766-keV γ line from the first excited state of 16 C was observed in coincidence with the emitted β-delayed neutrons, and this changes the previously reported β-decay scheme of 17 B and level structure of 17 C. In the present work, the β-NMR technique is combined with the β-delayed particle measurements using a fragmentation-induced spin-polarized 17 B beam. This new scheme allows us to determine the spin parity of β-decay feeding excited states based on the difference in the discrete β-decay asymmetry parameters, provided the states are connected through the Gamow-Teller transition. In this work, I π = 1/2 − , 3/2 − , and (5/2 − ) are assigned to the observed states at E x = 2.71(2), 3.93(2), and 4.05(2) MeV in 17 C, respectively.
I. INTRODUCTION
Neutron-rich carbon isotopes are attracting because of their anomalous level structures.
It has been experimentally shown that none of the odd mass neutron-rich carbon isotopes, GS assignment was performed through the study of GS properties based on the direct reaction [3] [4] [5] [6] [7] , β-delayed neutron spectroscopy of the β decay of 17 C [8] , and magnetic moment of 17 C [9] . In the extremely neutron-rich nucleus 19 C with N = 13, the I π GS value again becomes 1/2 + ; this was confirmed and discussed in connection with the formation of a neutron halo [6, 10, 11] .
In these neutron-rich carbon isotopes, unlike the valence protons, which occupy the p shell, the valence neutrons occupy the sd shell, where the p-sd cross-shell interactions characteristically play an important role. To gain an understanding of these intriguing properties of p-sd neutron-rich carbon isotopes, it is important to investigate not only the GS but also the structure of the excited states, because those negative-parity states can be described such that one particle in the the p shell of the low-lying positive parity states is excited to the sd shell, and thus, their energy differences from the low-lying positive-parity states are expected to reflect directly such the effective interactions.
With regard to the excited states of 17 C, the existence of three low-lying positive-parity states has been proposed at E x ∼ 210, 295, and 330 keV below the one-neutron threshold energy S n = 0.729 (18) MeV [12] . An excited state observed at E x = 295(20) keV [13] in the 48 Ca( 18 O, 17 C) 49 Ti reaction was again observed at E x = 295(10) for the same reaction, carried out at a slightly higher beam energy [14] . However, the 295-keV state was interpreted to be a background (BG) event during the in-beam γ-ray spectroscopy performed with a 17 C beam [15] . Two more excited states were observed at E x = 207(15) keV and 329(5) keV in the two-step fragmentation reaction [16] . Two corresponding energy levels were observed, i.e., E x = 210(4) keV and 331 (6) keV, in the p( 19 C, 17 Cγ) reaction, for which I π values were assigned as 1/2 + and 5/2 + , respectively [17] . The same I π assignments were identified in the one-neutron removal reaction of 18 C from a proton target, wherein a coupled-channel analysis was performed for the corresponding levels E x = 210 keV and 330 keV [18] , and in the lifetime measurement, in which case the M1 transition strengths were discussed for the observed 212(8)-and 333(10)-keV states [19] . For high-lying states, thirteen positive-parity states, including the E x = 310(30) keV level, have been observed up to E x = 16.3 MeV in the study of the 14 C( 12 C, 9 C) 17 C reaction [20] .
Even then, only a few studies have been conducted on the negative-parity states in 17 C.
For studying negative-parity states in 17 C, it is useful to perform the β-decay study of 17 B.
In the light mass region of neutron-rich nuclei, the parity of sd-valence neutrons differs from that of p-shell valence protons, whereby β-decay allowed transitions feed negative-parity states [21] . Hence, a β-decay study is useful for studying neutron-rich nuclei located away from the stability line, owing to the large Q β windows. Over the past several years, a number of such studies have been performed on the structure of light-mass neutron-rich nuclei through the time-of-flight (TOF) measurement of emitted β-delayed neutrons [8, [22] [23] [24] [25] .
In the present work, we performed the spectroscopic study of β-delayed neutrons and γ rays in the β decay of 17 B in order to investigate the level structure of 17 C (hereafter, β-delayed neutron(s) and β-delayed γ ray(s) are denoted as β-n and β-γ, respectively). The β-n measurement of the 17 B β decay has thus far been reported in Ref. [24] , and in this study, several β-decay transitions to the excited states in 17 C above the neutron threshold energy, which were followed by neutron emission, were observed. However, in the construction of the decay scheme, all transitions observed in a one-neutron (1n) emission channel were assumed to be directly connected to the GS of 16 C. In order to identify the final states in 16 C subsequent to the β-n emissions, we also conducted γ-ray measurements in coincidence with the β rays and neutrons. Moreover, it should be noted that this measurement was combined with a technique of fragmentation-induced spin-polarization [26, 27] . Thus, the GS of 17 B, as an initial state of β decay, was spin-polarized. The angular distribution of the β decay through the Gamow-Teller (GT) transition from a spin-polarized nucleus is known to show anisotropy with respect to the polarization axis, and it is characterized by A β P , where A β denotes the asymmetry parameter of the corresponding GT transition given by the I π value of the initial and final states and P denotes the polarization of the parent nucleus.
Since P is common to all the transitions, the final state I π can be assigned such that A β becomes proportional to the experimentally determined A β P values when the initial state I π is known. For the first time, by using this new method, the I π values of the excited states in 15 C have been successfully assigned with the spin-polarized 15 B beam [28] . Further, by taking the advantage of highly spin-polarized Li and Na beams, the nuclear structures of 11 Be [29] and 28 Mg [30] have been studied through the spin-parity assignment of the excited states.
II. EXPERIMENTAL PROCEDURE
A. Production of spin-polarized 17 
B beam
A spin-polarized 17 B beam was produced using the same procedure as described in
Ref. [31] , in which the fragmentation-induced spin polarization technique was adopted [26, 27] . 
03 GeV/c is the fragment momentum corresponding to the projectile velocity. The isotope separation was given by the combined analyses of the magnetic rigidity and the momentum loss in a wedge-shaped degrader [32] with a median thickness of 1638 mg/cm 2 and a slope angle of 8.67 mrad.
The spin-polarized and isotope-separated 17 B fragments were then introduced into an apparatus located at the final focus of RIPS, for the β-delayed particle measurement. They were implanted in a Pt stopper located at the center of the apparatus, which consisted of a stack of four 100-µm-thick Pt plates. The beam implantation was confirmed with plastic scintillators placed upstream and downstream of the Pt stopper. The the upstream counter was used to distinguish the Z > 4 beam particles from contaminating tritons. Under the conditions described above, RIPS provided a 17 B beam with a purity of ∼100%, not considering tritons, and an intensity of 17.3 particles per second (pps).
B. Detector apparatus
We combined the β-ray detected nuclear magnetic resonance (β-NMR) technique [33] with the β-delayed particle emission measurement. A static magnetic field, B 0 = 50.0 mT, whose inhomogeneity was ∆B 0 /B 0 ≤ 10 −2 , was applied to the Pt stopper with a Helmholtz-type air coil in order to preserve the spin polarization of 17 B. The effective diameter of the coil was φ = 250 mm. β-Rays emitted from the implanted fragments were detected with β-ray telescopes, consisting of two plastic scintillators, located above and below the Pt stopper.
To exclude BG events, such as those involving cosmic muons, coincidences with signals from the other side of the β-ray telescope were checked as soon as a β-ray was detected.
The β-n emitted from the implanted 17 B were measured with a high-energy neutron detector array [25, 28] , consisting of a set of twelve plastic scintillators, whose shapes were curved in the vertical direction with a 150-cm radius, 160-cm arc length, and 40-cm latitudinal width in the median plane. The achieved electron-equivalent threshold energy, E th = 3.4 (27) keVee, of the neutron detector array, enabled the detection of low-energy neutrons at E n ∼ 0.5 MeV, and an efficiency of 5.6% for ∼1 MeV neutrons was achieved as a result. A high-energy neutron detector array was placed 1.5 m away from the Pt stopper, as shown in Fig. 1 , covering the solid angles Ω n = 0.21×4π sr. In this configuration, neutrons emitted vertical to the β-ray direction were detected, which minimized the neutron-energy broadening due to β-ray recoil effects. The neutron energies were determined using the TOF method, wherein the β-ray signal was used as the start pulse. The signal was read out from photomultiplier tubes (PMTs) attached at each end, and both the read out signals were used to determine the correct TOF by calculating the mean time. Neutrons within the energy range E n = 0.5 ∼ 10 MeV were analyzed with this high-energy neutron detector array.
The detection efficiency of the neutron detector array was determined using 15 B and 17 N beams, whose β-decay branches associated with β-n emission are known [22, 34] . Using these calibration data, the efficiency was determined as a function of the energy E n , based on the simulation code given in Ref. [35] , where the reduction of photo-propagation in the plastic scintillator was taken into account. Details pertaining to the high-energy neutron detector array are given in Ref. [28] . For the measurement of neutrons having an energy down to E n 0.01 MeV, a low-energy neutron detector array [25] covering the solid angle Ω n = 0.037×4π sr was placed on a concentric circle to achieve a distance of 0.5 m from the Pt stopper, which consisted of a set of ten 45 mm × 25 mm × 300 mm plastic scintillators.
The signal was read out from the PMTs attached at each end. The threshold energy was set to 2 keVee using the Compton edge of 137 Cs.
In addition to the neutron counters, a 50 mm φ × 70 mm Clover Ge detector [36] and a set of four 80 mm × 80 mm × 152 mm NaI(Tl) detectors were placed above and below the β-ray telescope, as shown in Fig. 2 . The PMTs housed in the NaI(Tl) detectors are a type of fine-mesh dynodes, which can be operated under strong magnetic fields with strengths of over 1 T [37] . In front of each Ge and NaI(Tl) detector, 2-mm-thick plastic scintillators were placed in order to distinguish γ and β rays. With the help of these plastic scintillators, NaI(Tl) detectors were used to measure not only γ-ray energies but also the β-ray total energy, E β , for up to 30 MeV, which covers a Q β ( 17 B) of 22.68 (14) MeV [12] . The E β data were calibrated for a sufficiently wide range using 17 [12] .
C. Block diagram
The conventional block diagram for β-NMR measurements shows a beam being pulsed with a beam bombardment period of T B . At the beginning of the beam-off period in these measurements, the oscillating magnetic field B 1 is applied for a duration of T R , with its frequency swept over a Larmor frequency in order to reverse the direction of the spin polarization by means of the adiabatic fast passage (AFP) NMR method [38] . Then, β rays are counted during the following period, T C . This unit cycle, T B + T R + T C , is repeated many times until sufficient statistics have been accumulated. Note that the time length of the unit cycle is generally set to 2/λ, where λ is the decay constant of the nuclei of interest.
Through the execution of this sequence, a maximum figure of merit given by Y β × P 2 is achieved, where Y β is the β-ray counting rate and P is the nuclear spin polarization. Ideally, T B should be set by taking into account the spin-lattice relaxation time of the nuclei. The β-ray counting rate Y β is then given by
where I B is the beam-implantation rate during the period T B . In this sequence, however, ∼50% of the beam needs to be blocked, despite the low production yield of the 17 B beam.
For more efficient measurements, the block diagram was improved in the present study, and it is illustrated in Fig. 3 . The beam was not pulsed periodically at fixed durations.
Instead, as soon as a 17 B particle was identified by the beam-line counters equipped with RIPS, the beam bombardment was turned off for 19.5 ms. At the beginning of the beamoff period, the B 1 field ≃ 1.6 mT was applied for a duration of T R = 1.5 ms, and in this duration, the frequency of B 1 was swept over the Larmor frequency ν 0 of 17 B [31] in the frequency window ∆ν/ν 0 = 2%. Then, the β rays, in addition to γ rays and neutrons, were measured during a subsequent time period of T C = 18 ms. After the beam-off period, the beam bombardment was again turned on until the next 17 B particle was detected. The 
Based on Eqs. The angular distribution function W (θ) for the β rays emitted from 17 B with the spin polarization P is given by
where θ denotes the angle between the direction of the β emission and the axis of the nuclear polarization, v and c are the velocities of the β particles and light, respectively, and A β is the asymmetry parameter. For simplicity, we use the approximation v/c ≃ 1, since only a high-energy portion of the β spectrum is included in the analysis. Then, the asymmetry A β P of the β-decay transition feeding neutron emissions is given by
Here, using the measured β-n spectra recorded with the identification of the signal-detected β-ray telescope, the double ratio ρ in Eq. (4) is given by
where N U,D are the relevant peak counting rates in the neutron TOF spectra measured in coincidence with signals from the β-ray telescopes located above (denoted by U) and below (denoted by D) the Pt stopper and N * U,D are those obtained with the resonant B 1 -field application. With the obtained A β P values, asymmetry parameters A β can be determined provided the polarization P is known.
In the case that the spin I i state decays through the pure GT β ∓ -decay transitions associated with the spin change ∆I, the β-decay asymmetry parameter A β value is given by
By comparing the determined A β values to the value given in Eq. (6), the final spin parity I π f can be determined in the case of a pure GT β-decay.
In order to apply this method, it is necessary to know I For a given set of GT transitions to the level I j f (j=1, 2, · · · , n), there are 3 n combinations of the possible A β values. For each allocated A β j value, the polarization is evaluated as 
where w j is the statistical weight factor for each P j value,
with the experimental error σ (A β P ) j for (A β P ) j . By definition, the reduced χ 2 ν for the ith set is given as
where ν denotes the degree of freedom (ν = n − 1). The above-mentioned guiding principle is that the most probable set of A β j values should yield the least χ 2 ν among the 3 n values for all possible combinations of A β j values. In such a case,P i can be regarded as the statistically expected spin polarization P , whose error is defined by
III. ANALYSIS AND RESULTS
The 17 B nucleus has the ground-state spin parity I π = 3/2 − . Its β decay, whose halflife is t 1/2 = 5.08(5) ms and Q β is 22.68(14) MeV [12] , can be characterized by a β-delayed multiple neutron emission [39, 40] , for which multiplicities M n of up to four have been reported [39] .
In the following analysis, the decay property was investigated by classifying the multiplicity of the emitted β-n.
A. 0n-decay branches
The 0n mode of the 17 B β decay, i.e., a β decay not followed by β-n emission, can feed excited states in 17 C below the neutron separation energy S n = 0.729(18) MeV or the GS. Until now, the existence of three excited states has been suggested at the excitation energy values E x ∼ 210 keV [16] [17] [18] [19] , 295 keV [13, 14] , and 331 keV [16] [17] [18] [19] [20] , below S n = 0.729(18) MeV. Investigation of these three states is a central subject for the 0n channel.
1. γ-Ray energy spectra obtained from the β-γ coincidence measurements
The observed γ-ray energy peaks below S n = 0.729(18) MeV, measured with the Ge detector in coincidence with the β ray from 17 B, are summarized in Table I . For a comparison, details of γ rays observed in a BG measurement without a beam and in a detector-calibration measurement with a 17 N beam are also listed in Table I . First, the γ rays observed in the BG measurement, i.e., E γ = 77(2), 242(1), 352(1), and 609(2) keV, as well as the 511-keV annihilation γ ray, can be excluded from the 17 B β-γ candidates. They can be assigned to KX or the γ rays from the lead parts of the experimental setup, in which some amount of the U/Th decay-chain isotopes 214 Pb and 214 Bi are considered to be included. The reason that the 242(1)-keV γ ray was not observed in the 17 N measurement is not clear. This may be attributable to the short measurement time. Next, the γ rays observed in the 17 N β-γ measurement, i.e., E γ = 596(5) and 696(8), can be also excluded. They originate from the (n, γ) or (n, n'γ) reactions, given that their shapes are broadened and skewed towards higher energy, which is a typical feature that reveals the neutron-recoil effect in Ge detectors. Here, a 67(1)-keV peak observed in both the 17 B and the 17 N measurements can be assigned to the KX α1 rays originating from the Pt stopper excited by the β rays. The remaining γ-ray peaks at 295(2) and 331(2) keV, as well as a small peak at E γ = 217(2) keV, are thus the potential γ rays emitted from 17 C subsequent to the 17 B β decay.
2. Properties of the peaks at E γ = 217, 295, and 331 keV
Properties of these γ rays were then investigated in terms of the total energy of the feeding β ray, which was measured with the set of NaI(Tl) detectors and 2-mm-thick plastic scintillators described in Sec. II B. The de-excitation γ rays from low-lying excited states of 17 C are associated with large β-ray energies, where the maximum β-ray energies are
MeV, owing to the small S n value. Thus, an E γ spectrum was obtained, as shown in Fig. 5 (a), by gating the E γ spectrum shown in Fig. 4 (a) with the β-ray energy at E β ≥ 10 MeV. We note that the 331(2)-keV γ ray was still observed, while the 295(2)-keV peak disappeared. In addition, a minor peak at E γ = 217 (2) These γ rays were further investigated in order to determine their decay parent nuclei based on (i) the coincidence to β-n emission and (ii) the time evolution of the γ-ray peak counting rates. For determining (i), a γ-ray energy spectrum obtained with the a Ge detector was plotted for β-n-γ triple coincidence events. From the resulting E γ spectrum shown in Fig. 5 (b), no peaks were identified within the given statistics at E γ = 217(2) and 331(2) keV, indicating that these γ rays were not associated with neutron-emission channels in the 17 B β decay. As described by point (ii), the time evolution of the photo-peak counting rates was deduced to identify a parent nucleus. A time stamp recorded with E γ was the time of a β-γ coincidence event measured from the arrival time of a 17 B particle, which started at T C , as shown in Fig. 3 . Thus, the time evolution in this analysis provides the β-decay lifetime Finally, an E γ spectrum obtained from the β-γ-γ triple coincidence measurement was plotted to determine whether the 217(2) and 331(2)-keV γ rays can be assigned to a direct transition to the GS or a cascade transition. The second γ-ray coincidence was detected with the set of thin plastic scintillators and NaI(Tl) detectors mentioned above, wherein the signal from the plastic scintillator was used to remove β-ray events. 
while the γ lines at E γ = 1767(6), 2212(10), 2322(6), and 2379 (7) keV were identified as the de-excitation γ lines from the E x = 1766(10), 3986(7), 4088(7), and 4142(7) keV states in 16 C, respectively. The γ line at E γ = 4782(10) keV observed in Fig. 4 (c) agrees with the γ line of 4780(100) keV → GS for 15 C. As shown in Fig. 6(q) , however, its time evolution is flat, suggesting that the feeding β decay is different from the 17 B β(-n) decay. Its source was not identified in this study. In all β-decay channels associated with β-n emission, the time respectively; no direct correlation of these peaks with the 17 B β decay was observed. They were likely emitted from the decay chain; however, the transitions that caused these peaks could not be identified in this study.
Transition strengths in the 0n channel
Strengths I γ of the observed γ lines per 17 B β decay were determined using the following equation.
Here, N γ is the photo peak count, N( 17 B) are implanted 17 B particles, ǫ γ Ω γ and ǫ β Ω β are, respectively, the overall detection efficiencies of the Ge detector and the β-ray telescopes, including their solid angles, which are evaluated based on the simulation code of GEANT [41] .
R β is the probability that a β decay of a parent nucleus is directly feeding a relevant β-γ-ray emission within the duration T C . The R β values were obtained from a simulation based on the following equation
where f (t; λ) = λ exp(−λt) is the exponential probability density distribution with a decay constant λ = 1/τ , F (t; λ) is its cumulative distribution function, λ 1 is the inverse of the meanlife of the 17 B β decay, λ 2 is that of the daughter's β-decay constant that directly feeds a relevant γ-ray emission, and T i is the arrival time of ith 17 B particle at which the T R + T C gate opens after the first implantation. The probability distribution of T i is also given by f (t; λ B ) with the average 17 B beam arrival rate λ B = 17.3 pps.
The transition strengths I γ of the γ line, for which decay schemes were identified, were determined using Eq. (11). The resulting I γ values, as well as the corresponding values obtained after converting them to I β and logf t, are listed in Table II . In the derivation of the I β value associated with the 1767(6)-keV γ line, the contributions from the cascade transitions from E γ = 2212(10), 2322(6), and 2379 (7) keV were subtracted. It should be noted that the I β values for E γ = 2212(10), 2322(6), and 2379 (7) keV can include the sum of other β-decay transitions in the 1n channel that are followed by that particular γ ray emission, because these three γ decays could be a part of cascade γ decays from the higher
It is known that in the 17 C β decay, β-γ rays are emitted with E γ = 1373.8 (3) [42] . With the I γ values obtained from the above analysis for the discussed γ lines and the two mentioned I γ ( 17 C) transition strengths, the total 0n-channel probability P 0n can be derived by using the equation
ing the weighted average of the resulting probabilities, P 0n (1382(5) keV) = 25(9)% and P 0n (1855(8) keV) = 21(5)%, we obtained P 0n = 25(5)%. This probability agrees with the reported P 0n = 21(2)% [39] , within the assigned error bounds.
B. 1n-decay branches
In the one-neutron (1n) decay channel, 17 B decays into the levels above the neutron threshold S n = 0.729(18) MeV. All of these branches are connected with the GS of 16 C.
If a transition is connected with an excited state in 16 C, the neutron emission is further followed by the de-excitation γ ray emission. The subsequent β decay of 16 C, whose halflife is t 1/2 ( 16 C) = 747(8) ms [12] , is similarly followed by the neutron emission to 15 N with ∼100% branches in all. This described decay cascade stops at the stable nucleus 15 N.
Thus, the 1n-decay channel has been studied through the measurement of β-n [24] , in which four excited states of 17 C, i.e., E x = 1.18, 2.25, 2.64, and 3.82 MeV, were identified using a TOF measurement, assuming the direct 1n-decay transition to the 16 C GS for all branches. In the present measurement, the Ge and NaI(Tl) detectors were well tuned to detect and thoroughly investigate de-excitation γ rays in 16 C through β-n-γ triple coincidence measurements.
1. TOF measurement of β-delayed neutrons Figure 8 shows the obtained neutron TOF spectra for the emitted neutrons from the 17 B β decay; they are measured with (a) high-energy and (b) low-energy neutron detector arrays, and the multiplicity of the neutron is limited to M n = 1. As clearly seen in Fig. 8(a) , three peaks can be identified at 64, 81, and 122 ns, which correspond to the neutron kinetic energies E n = 3.01, 1.86, and 0.82 MeV, respectively. Since it is known that in the 16 C β decay (t 1/2 = 747(8) ms), β-n are emitted at E n = 0.82(1) and 1.70(1) MeV [24] , the observed 0.82-MeV peak can be assigned to 0.82(1) MeV. The other two peaks at E n = 3.01 and 1.86 MeV can be assigned to the β-n from the 17 B β decay. These two major peaks were also observed at almost the same energies E n = 2.91(5) and 1.80(2) in Ref. [24] .
The obtained neutron TOF spectrum shown in Fig. 8(a) was analyzed using the response function (described later in the text) of the neutron detector array. This response function was determined so as to reproduce the well studied β-n from the 17 N β decay [34] . In the present analysis, the following four factors were taken into account: (a) the level width and it includes the additional term f (t) to account for factor (c), where f (t) is empirically determined. The response function F (t) is then obtained as a Gaussian convolution of H(t)+f (t) to account for factors (b) and (d). Thus, the function F (t) uses three parameters, the amplitude of peaks, the neutron kinetic energy E n , and the level width Γ. The detailed description of F (t) is given in Ref. [28] .
Next, peak-decomposition was conducted through the least χ 2 -fitting analysis with the obtained F (t) function. In this analysis, the following three types of BGs were taken into account: (i) neutrons emitted in the multi-neutron emission channel initiated by the 17 B β decay, which was assumed to have a Gaussian shape with a wide width at the position ∼100 ns, empirically determined from a TOF spectrum of neutrons, measured with the neutron multiplicity M ≥ 2; (ii) scattered β rays expressed by a spectral curve monotonically decreasing with t; and (iii) a constant BG. The β-n emitted from the β decay of 16 C, for E n = 0.82(1) and 1.70(1) MeV, were also considered, and the reported relative intensities were fixed in this case. The result of the fitting analysis is shown in Fig. 8 (a) using dashed curves. Other than the two major peaks, which were determined to be at E n = 3.01(1) and 1.86(1), the existence of minor peaks corresponding to neutron kinetic energies E n = 5.04(2), 3.81(1), and 1.46(1) MeV was suggested. Ref. [24] has reported two minor transitions at E n = 1.43(2) and 0.42(1) MeV. The first E n value listed agrees with the present E n = 1.46 (1) peak, with only a small difference, although no peak corresponding to the second value was visible in the spectrum. We also investigated neutrons at a lower E n with the low-energy neutron array. However, in the obtained spectrum shown in Fig. 8(b) , no further peaks were identified at any E n down to 0.01 MeV.
Neutron-decay branches to excited states in 16 C
In order to construct the decay scheme, it is necessary to investigate connected states in 16 C after neutron emission. Here, we first studied a γ-ray energy spectrum obtained in a β-n-γ triple-coincidence measurement. As shown in Figs. 9(a) and (b), the de-excitation γ rays from the first exited state in 16 C at E x = 1766(10) keV to the GS were clearly identified as a peak in the E γ spectrum measured using both the NaI(Tl) and Ge detectors. Another peak was also observed at E γ = 743(2) keV, which corresponds to the de-excitation γ rays from the 15 C excited state at E x = 740.0(15) keV to its GS following the two-neutron emission in the 2n channel of the 17 B β decay. To confirm the initiating β decay feeding the two corresponding E γ emissions, the time evolution of their counting rates were investigated as in the 0n-channel analysis. Both the consequently obtained time spectra, shown in Figs. 6(e) and (l), were well reproduced by t 1/2 ( 17 B), which shows that these γ emissions were directly fed by the 17 B β decay. Further, two small peaks are observed in Fig. 4(b) at E γ = 2322 (6) and 2379 (7), which agrees with the de-excitation γ lines 2322(6) and 2379(7) keV from the 3 (+) state at E x = 4088(7) keV and the 4 + state at E x = 4142(7) keV on 16 C, respectively.
The time-evolution analysis described above was also performed for these two E γ lines, and the results are shown in Figs. 6(o) and (p), respectively. Although the statistics are not sufficient, they are reproduced by t 1/2 ( 17 B), suggesting that the 17 B β decay directly feeds these two γ emissions through β-n emissions. Although peaks should appear at E γ = 2322 (6) and 2379(7) in the gated E γ spectrum shown in Fig. 9 , they are not observed due to the limited statistics.
In the next step, β-n components connected to the E x = 1766(10) keV state in 17 C
were investigated. Figure 10 shows a neutron TOF spectrum measured under the β-n-γ coincidence condition, and in the measurement E γ energies were set as E γ ≃ (a) 1767 keV and (b) 2400 keV. To enable clear comparison, the normalized TOF spectrum without the E γ window (i.e., the spectrum shown in Fig. 8(a) ) is also drawn using gray lines. In both the spectra, two major peaks at E n = 3.01(1) and 1.86(1) MeV still appear. However, this does not imply that the two peaks are connected to the 1767(6)-keV γ line. The peaks are caused by accidental coincidences owing to the following two reasons. First,
The TOF spectrum obtained for E γ = 2400 keV, at which no Compton scattering from the E γ = 1767(6) keV γ rays can interfere and no other photo peaks are observed, is analogous to the spectrum in the ungated case, as shown in Fig. 10(b) . In addition, the obtained counting rates of the two major peaks are ∼20 times smaller than those expected on the basis of the spectrum shown in Fig. 8(a) and the given NaI(Tl) efficiency. If we closely examine Fig. 10(a) , however, a peak can be observed at ∼95 ns, which is emphasized
by the E γ = 1767(6) keV gate. This peak energy, E n = 1.51(6) MeV, agrees with the E n = 1.46(1) MeV obtained in the described peak decomposition analysis of the ungated E n spectrum. In addition, the transition strength I β = 1.7(2)%, evaluated using the 1.51-MeV peak count based on Eq. (14) , which accounts for the NaI(Tl) efficiency, agrees with the value I β = 1.5(2)% for the 1.46-MeV peak determined as described in Sec. III B 4. It is then natural to conclude that both the peaks are identical. No peaks are observed at E n = 5.04(2) and 3.81(1) MeV in Fig. 10(a) , although peaks with statistics comparable to the E n = 1.46(1) peak should be observed if they are also connected to the E x = 1766(10) keV state.
Neutron-decay branches to the 16 C ground state
Because it was shown that only the 1.46(1)-MeV peak was connected to the 1767(6)-keV γ line, the two major peaks at E n = 3.01(1) and 1.86(1) MeV, as well as the minor peaks at E n = 5.0 and 3.8 MeV, were assigned to the direct transition to the 16 C GS. As described in the following text, this assignment was verified with the E n = 1.86(1) MeV peak having the highest statistics, through the measurement of the end-point energy E max β of the β decay associated with this E n peak. Figure 11 (b) shows a β-ray energy spectrum of the 17 B β decay obtained with the combination of the NaI(Tl) and plastic scintillators in the β-n measurement by gating at E n = 1.86(1) MeV. The spectrum is expressed in the form of the Kurie plot N(E)/pEF (Z, E), where E and p are of the total energy and momentum of the β particle, N(E) is the observed β-ray yield at E, F (Z, E) is the Fermi function, and Z is the atomic number of the parent nucleus. The obtained β-ray energy spectrum was analyzed using a GEANT [41] simulation, in which an arrowed β-decay transition was assumed by taking into account its logf t value 4. emission is connected to the 1767(6) keV γ emission line. The accuracy of the analysis was evaluated using the 15 B β decay measured in the present work. It is known that in the 15 B β decay, the transition to E x = 3.10 MeV, which has the highest transition strength in the β decay, is followed by the E n = 1.76 MeV β-n emission [22, 28] . Thus, a Kurie plot was also obtained for this transition using the same experimental apparatus. As shown in 
Transition strengths in the 1n channel
As mentioned above, the 17 B β decay in the 1n channel is 100%, followed by the successive β-n emission in the β decay of the daughter nucleus of 16 C. Because in the 16 C β decay, the strength of the transition feeding the β-n emission at E n = 0.82(1) is known to be I β = 84.4(17)%, the total 1n decay strength P 1n of the 17 B β decay can be determined by
where N n is the count of the 0.82(1)-MeV peak obtained in the described χ 2 -fitting analysis and ǫ n and Ω n are the efficiency and the solid angle of the neutron counter array for the 0.82(1)-MeV neutron. The values of ǫ n were evaluated based on Ref. [35] , using experimental ǫ n data obtained from the measurements separately conducted with 17 N and 15 B beams, as described in Sec. II B. Here, the ǫ n of the β-n at E n = 1.17 MeV in the β decay of 17 N, which is close to 0.82(1) MeV, was determined with an accuracy of ∆ǫ n = 9.4%. The same ∆ǫ n value was therefore adopted in the evaluation of ǫ n for the 0.82(1)-MeV neutron as a systematic error. We thus obtained P 1n = 67(7)%, which agrees with the reported value P 1n = 63(1)% [39] , within the assigned error bounds.
However, for the other E n energies of observed β-n, the accuracies of the obtained ǫ n reference data were not sufficiently high. Therefore, the 1n transition strengths were determined by solving for the normalization factor α in the following equation
where I ′ β (i) is the relative transition strength obtained with a relative ǫ n value for each transition i and 9.4% is the sum of the strengths of the 1n transitions that are finally followed by E γ = 1767(6) keV γ ray emissions, which were not included in the left-hand side in Eq. (14), with the exception of I Table III. C. 2n-decay and the higher-multiplicity channels The 17 B β decay in the 2n-decay channel feeds states in 15 C through the β-2n emission.
All 2n-decay branches are then followed by the β decay of 15 C (t 1/2 = 2.449(5) s [43] ),
where the E γ = 5290(12) keV γ ray is expected be emitted from the I π = 1/2 + excited state at E x = 5298.822(14) keV in 15 N, with the branching ratio I 5299 β
The corresponding peak was observed at E γ = 5290(12) keV in the obtained Ge spectrum, as shown in Fig. 4(c) , for which the deduced transition strength I γ ( 17 B) = 7.5(11)% is listed in Table II . The total 2n-decay probability, P 2n , can then be determined as P 2n = I 5290(12) γ ( 17 B)/I 5299 β ( 15 C) = 12(2)%. It should be noted that this P 2n value agrees well with the value P 2n = 11(7)% reported in Ref. [39] , within the assigned error bounds.
In the 2n channel, the γ ray observed at E γ = 743(2) keV in Fig. 4(a) can be assigned to the de-excitation γ ray from the I π = 5/2 + first excited state at E x = 740.0(15) keV [44] to the I π = 1/2 + GS of 15 C. This assignment was confirmed by observing that the time evolution of the photo-peak counts, shown in Fig. 6 (e), can be well reproduced by t 1/2 ( 17 B).
From the measured peak count, the sum of the strengths of the 17 B β-decay transitions connected to the E x = 740.0(15) keV state of 15 C was determined to be I β = 2.6(2)%, as listed in Table II . Since no γ lines of 15 C, other than the one at 743(2) keV, were identified in the E γ spectrum, we concluded that the 740.0(15)-keV state is directly connected to the twoneutron emission and that the GS of 15 C is directly fed by the strength P 2n − I β = 9.4(3)%.
In order to construct the decay scheme of the 2n-decay channel, it is necessary to identify the sum energy of the two emitted neutrons. However, the obtained statistics provided no clear evidence of the 2n decay.
With respect to the 3n(4n)-decay branch, the β-n emission from 17 B feeds states in 14 C( 13 C), for which the total transition probability is reported to be P 3n = 3.5(7)% (P 4n = 0.4(3)%) [39] . Because the halflife of 14 C is t 1/2 = 5730 y and 13 C is stable, the β-decay cascade from 17 B is almost stopped at the GSs. In the measurement, clear peaks were not found in the sum-energy spectra of neutrons with multiplicity M n = 3 or 4 with the present statistics. Furthre, no γ-ray peaks were found at the E γ energies associated with the deexcitation γ rays in 13 C and 14 C. Thus, both P 3n and P 2n were not determined in the present work.
D. Spin-parity assignment
After obtaining the peak counts of the β-n TOF spectra in the peak-decomposition analysis, A β P values of the transition to E x = 2.71(2), 3.93(2), and 4.05(2) MeV, for which two unassigned peaks were removed, were determined based on Eq. (4), and the values are listed in Table III . In order to determine I π values, the least P -variance method described in Sec. II D was applied to the obtained A β P values. For all possible 3 3 = 27 combinations of I π , χ the second strongest branch with the strength 7.6%, leading to the 3/2 − 1 excited state at E x = 3684.507 (19) keV, the sum of the 13 B β-decay transitions exhausts ∼100% of the total transition strength. Because the main GS configuration of 13 B can be described by
3/2 − , given the well-established neutron magic number N = 8, the transition to the 1/2 − 1 GS can be described by the single-particle GT transition νp 1/2 → πp 3/2 , under the reasonable assumption of a configuration 
5/2 − , which prevents the concentration of the transition strength. Moreover, the GT transition νp 3/2 (νp 1/2 )→πp 1/2 , which can populate these configurations, can also populate the states up to I π = 7/2 − (5/2 − ), further fragments the transition strength. Thus, the 5/2 − assignment to the 4.05(2)-MeV state seems reasonable, although further experimental observations are necessary for a definite assignment.
Including the above mentioned I π assignment, results obtained in the present work for the 17 B β decay are shown in Fig. 13 as the decay scheme.
B. Comparison with shell-model calculations
In Fig. 14 , the data of the excited states of 17 C observed in the present study are compared with the results of shell-model calculations [50] with two different sets of effective interactions, PSDWBT [51] and PSDMK [52] , denoted by WBT and MK, respectively.
With respect to the low-lying positive-parity states, the GS has been experimentally at E x = 3.09 and 3.26 MeV, respectively. In this case, the centroid is lower by ∼0.8 MeV in the direction opposite to that observed in the MK interaction. If we calculate E x for them using the 3/2 + 1 state instead of the predicted 5/2 + 1 GS, the difference is found to be ∼0.9 MeV. Thus, the WBT interaction based calculation systematically predicts ∼1 MeV lower E x energies for all the low-lying negative-parity states.
In the light mass region, the phenomena of reduction in the single particle energy of the s 1/2 state are known to occur for N = 7 [1] and N = 9 [2] nuclei. However, the ∼1 MeV discrepancy due to the tendency of the energies of negative-parity states in 17 C to be calculated as lower with the WBT interaction cannot be corrected by lowering the s 1/2 Fig. 14. This modification changes the energies E x of the positive-parity states, and in particular, the ordering of the low-lying states, while it does not affect the energies E x of the negative-parity states. In fact, the energy displacement from the 3/2 + 1 state is further lowered, and hence, the discrepancy from the experimental observation is rather exacerbated.
A further investigation was performed with the WBT interaction. In this study, the WBT calculation was performed, with the |V 01 | values reduced by 30%, for the sd neutrons, and herein, |V 01 | denotes a diagonal matrix element of a two-body effective interaction in a channel with angular momentum I = 0 and isospin T = 1 for particles within the sd orbits. The diminished pairing energy is attributed to the following three reasons. First, systematic over-binding occurs for the even mass-number C isotopes 16 C, 18 C, and 20 C with the WBP interaction [51] , as reported in the study of binding energies for the neutron-rich C isotopes [11] . Second, the weakening of the coupling between excess neutrons and the core in nuclei away from the stability line causes pairing energies to be modified. were determined. We note that in the 1n-channel, the 1767(6)-keV γ ray from the first excited state of 16 C was observed in coincidence with the emitted β-n, which changes the reported β-decay scheme of 17 B and level structure of 17 C. Apart from the 1767(6)-keV lines, several de-excitation γ lines connected after the β-n emission were identified. In the present work, the β-NMR technique was combined with the β-delayed particle measurements using a fragmentation-induced spin-polarized 17 B beam. This new scheme allowed us to determine the spin parity of β-decay feeding excited states based on the difference in the β-decay asymmetry parameter, which took three discrete values depending on the final state spin for a common initial spin, if the states are connected through the GT transition. As a result, 
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